ABSTRACT In this paper, we investigate the outage probability of a multiuser multiple-input multipleoutput (MU-MIMO) system in the heterogeneous network (HetNet) in the presence of unpredictable interference (UI) from coexisting ad hoc systems. In order to achieve multiuser diversity gain, the MU-MIMO system requires feedback carrying the signal-to-interference-plus-noise ratio (SINR) from all active users to the base station. However, the coexisting ad hoc systems in HetNet can unpredictably initiate their data transmission during the SINR feedback duration. This unpredictable behavior by the coexisting ad hoc systems causes a mismatch between the measured SINR and the instantaneous SINR. In order to investigate the performance of the MU-MIMO system in HetNets, we first categorize the interferences into predictable interference and UI. Based on this categorization, we analyze the outage probability of an MU-MIMO system using a max-SINR scheduler. The theoretical analyses show that the MU-MIMO system cannot achieve the maximum diversity gain, since the UI from the coexisting systems causes beam selection mismatch. Additionally, we show that reducing the interval between the measurement and data transmission prevents performance degradation by reducing the effect of the unpredictable behavior of the coexisting ad hoc systems.
I. INTRODUCTION
The usage of data rate hungry applications in mobile networks and the diversity of emerging mobile devices is giving rise to the concept of heterogenous networks (HetNets) [1] . In HetNets, various systems share the channels without coordination, thus causing cross-interference to each other. Recent investigations have shown that one of the key technical challenges in HetNets is managing this interference between the coexisting systems. To ensure minimal impact on the performance of coexisting systems, they must be designed to alleviate the interference they cause [2] - [6] . A variety of interference coordination schemes, such as spectrum allocation [2] , power control [3] , and interference cancellation [4] , have been investigated as potential ways of keeping the interference levels low.
With the goal of reducing cross-tier interference and improving the aggregate throughput of communication systems, many researchers have considered exploiting multiple-antenna arrangements. Multiuser multiple-input and multiple-output (MU-MIMO) has received significant attention because of its extremely high spectral efficiency, leading to its adoption in the 3rd Generation Partnership Project (3GPP) long term evolution-advanced (LTE-A) [7] , and IEEE 802.11ac [8] . Employing multiple antennas provides additional degrees of freedom that can be used to reduce the cross-tier interference by cooperation [5] , [6] . Results show that the selection of multiple users with a high signalto-interference plus noise ratio (SINR) not only maximizes the throughput of the system but also reduces the crosstier interference. They involved investigations where the MU-MIMO system can estimate the amount of interference perfectly, and all the interference is predictable via SINR feedback [9] . 1 As the previous research works proved it that the effect of cross-tier interference can be reduced by MU-MIMO scheduling. By selecting the user equipment (UE) with best SINR per each beam, the MU-MIMO system can maximize the throughput performance. However, achieving that performance requires, mathching the SINR feedback information with instantaneous SINR. However, a time gap for the SINR feedback is inevitable between the SINR measurement and the actual data transmission (called the 'M-DT interval'). Thus, the absence of a central coordinator for HetNets leads to a situation where the behavior of coexisting systems is unpredictable during the M-DT interval. When the coexisting ad-hoc systems access the channel during the M-DT interval, they can potentially cause interference to the MU-MIMO system that was not accounted for in the SINR feedback information, we call this as ''unpredictable interference (UI ''. The behavior of the coexisting systems in the M-DT interval can thus reduce the accuracy of the SINR feedback information compared to the instantaneous SINR in the data transmission phase.
With the goal of investigating the effect of the unpredictable behavior of coexisting ad-hoc systems on a MU-MIMO system, we first describe the randomly located coexisting systems with a spatial Poisson point process (SPPP) [10] . We categorize the interference from coexisting systems into predictable interference (PI ), and UI. By using the categorized interference model, we derive the closed form outage probability of the MU-MIMO system using the max-SINR scheduler in the presence of PI and UI. The analysis shows that the outage probability of MU-MIMO system is determined by the intensity of the PI and UI. The analysis and simulation results show that a MU-MIMO system with a max-SINR scheduler can suppress the effect of PI by choosing the UE with the maximum SINR for each beam. However, the performance of the MU-MIMO system is degraded by UI, since UI causes mismatch on beam selection. Finally, we show that a MU-MIMO system with max-SINR scheduler cannot achieve the maximum multiuser diversity (MUD) in the presence of UI. Fig. 1 depicts a HetNet, which consists of one MU-MIMO system and coexisting ad-hoc systems. As shown in Fig. 1 , consider the MU-MIMO downlink system with a base station (BS) equipped with N m transmit antennas. We assume that K UEs each with a single antenna are located in the 1 The base station (BS) and access point (AP) acquire the SINR information in 3GPP LTE-A and in IEEE 802.11ac, respectively. The analysis and investigations in this paper can be applied to any system that uses MU-MIMO. coverage region of the BS. 2 In HetNet, the MU-MIMO system, is overlaid and shares the same channel within the coexisting ad-hoc systems, such as Bluetooth, Zigbee and WLAN systems. It is assumed that the set of coexisting ad-hoc systems is randomly located around the MU-MIMO system. We will explain the coexisting ad-hoc systems and the interference they cause to the MU-MIMO system more detail in the following subsection. Sounding Protocol for SINR feedback [11] . As the number of feedback increases the minimum required M-DT interval increases. The M-DT interval is determined by the system parameters, such as the short interframe space (T SIFS ), transmission time for poll packet (T poll ) and compressed beamforming packet (T BF ).
II. SYSTEM MODEL A. MU-MIMO TRANSMISSION WITH BEAM SELECTION
As shown in Fig. 2 , the MU-MIMO system operates in two distinct phases: beam selection and data transmission [11] . In the beam selection phase, the BS obtains the SINR information of the UEs for each beam. The BS then selects the best UEs that can maximize the throughput. In the data 2 In this section, for the sake of generalizing the analysis for common MU-MIMO systems, we do not specify any standardization for the MU-MIMO system, such as LTE-A and IEEE802.11ac. In section IV, we investigate the performance of MU-MIMO based WLAN system in HetNet by adopting the system parameters defined in the IEEE 802.11ac standard. VOLUME 6, 2018 transmission phase, the BS simultaneously transmits data to Q (1 ≤ Q ≤ N m ) UEs using orthogonal random beamforms w i (i ∈ {1, · · · , Q}) [12] .
The UE measures the interference from the coexisting ad-hoc systems operating in the beam selection phase, which we will call here PI. Thus, the received signal of the k-th UE for the i-th beam w i considering the predictable interference is given by [12] 
where h k ∈ C N m ×1 is the channel gain vector from the BS to the k-th UE, which follows independent and identicallydistributed (i.i.d.) complex Gaussian entries with zero mean and unit variance. Similarly, g k,f ∈ C 1×1 is the channel gain from the f -th transmitter in the coexisting systems to the k-th UE. s i ∈ C Q×1 is the symbol vector transmitted from the BS. The total transmit power of the MU-MIMO system is fixed to P M , and is evenly assigned to each active beam as P M /Q. In addition, n k represents the additive white Gaussian noise (AWGN) with zero mean and variance of σ 2 . D M ,k represents the distance between the k-th UE and the BS, and D f ,k is the distance between the k-th UE and the f -th transmitter in the coexisting system. α denotes the common pathloss exponent. Note that PI denotes the set of coexisting systems and x f represents the transmitted symbol of the f -th coexisting transmitter, and the transmission power is determined as P C . By using (1), the UEs measure the expected SINR of each beam, γ exp k,i , and feed it back to the BS via a sounding protocol. Using this information, the BS selects the active UE k * i according to the scheduling algorithm.
B. INTERFERENCE FROM COEXISTING AD-HOC SYSTEMS
We assume that the set of coexisting ad-hoc systems is randomly located for the theoretical analysis using the general interference deployment scenarios [13] . In the data transmission phase, the coexisting ad-hoc systems distributed according to a homogeneous SPPP cause interference with intensity λ [10] , where λ denotes the average number of transmitting nodes per unit area. The Poisson process is a natural model arising from random placement of ad-hoc devices in the unlicensed band, HetNet [14] - [16] . This model has been used in prior works [17] , where its validity has been confirmed as well.
As shown in Fig. 3 , the UE measures the interference from the coexisting systems by using the null data packet. During the beam selection phase, only the PI among the whole set of coexisting ad-hoc systems causes interference to the MU-MIMO system. Thus, we determine the intensity of PI as λ PI = ρλ. Here, 0 ≤ ρ ≤ 1 is defined by the intensity ratio of the coexisting systems operating in the beam selection phase to the whole set of active devices in the data transmission phase. UI makes up the remainder with intensity, i.e., λ UI = (1 − ρ)λ.
The intensity ratio ρ is affected by the required length of the M-DT interval. 3 As the number of feedbacks from UEs increases the required M-DT interval increases. In this case, more coexisting ad-hoc systems can access during the M-DT interval, thus decreasing ρ accordingly.
Due to the existence of UI, there is no guarantee that the expected SINR γ exp k,i will be equivalent to the instantaneous SINR γ ins k * i [18] . In the following section, we investigate the effect of UI on a MU-MIMO system via closed outage probability analysis.
III. PERFORMANCE OF A MU-MIMO IN HETNET
In this section, we derive the closed form outage probability in order to investigate the effect of unpredictable behaviors of coexisting systems (i.e., UI ) on the MU-MIMO system with max-SINR scheduler. The max-SINR scheduler is known for achieving its throughput maximization performance by suppressing inter-user interference and cross-tier interference, that is by selecting the UE with the maximum SINR for each beam.
Based on the SINR information, the max-SINR scheduler selects the active UE k * i for each beam [12] , i.e.,
where denotes the set of K UEs. After beam selection, the BS transmits the data to selected UEs using the assigned beam. In this case, the BS cannot estimate the UI, so that the expected SINR can then be given as [5] :
where
denotes the sum-PI from the PI set of coexisting ad-hoc systems to selected UE k * i . In the data transmission phase, however, the received instantaneous SINR of the selected UE k * i is affected by UI, i.e., ρ = 0. By considering the UI in the data transmission phase, the instantaneous SINR can be expressed as
is the sum UI from the UI set of the coexisting ad-hoc systems to the selected UEs k * i . Here, we note that PI was taken into account for beam selection, whereas the UI was not. Therefore, the UE that has the best SINR for the i-th beam may be changed. However, a MU-MIMO system cannot adjust the user selection during data transmission.
In order to derive the outage probability of the MU-MIMO system in the presence of the UI, we obtain the conditional cumulative distribution function (CDF) of the instantaneous SINR F γ ins k * i (γ |u) for any I UI = u. Since the max-SINR scheduler selects the UE with the highest SINR for each beam by using SINR feedback information as in (2), F γ ins k * i (γ |u) can be obtained by applying the first order statistic [19] . Then,
(γ |u) for any I UI = u can be represented as
where, F C 
where X = |h k w i | 2 is the exponentially distributed random variable, and Y = j∈Q,j =i |h k w i | 2 represents Chi-square random variables with 2Q − 2 degrees of freedom [20] .
M is the received signal power at the UE with common path loss coefficient α. Since X is the exponentially distributed the random variable, we obtain the F C
Note that the expectation term of (7) is equivalent to a Laplace transform of the random variable φY + I PI . Since Y and I PI are independent random variables, (7) can be represented by the product of their Laplace transforms,
where L A (·) denotes the Laplace transform of the random variable A. Since Y is Chi-square random variables with 2Q − 2 degrees of freedom, the Laplace transform of Y is defined as [21] :
In addition, L I PI γ φ is the Laplace transform for a general
Poisson shot noise process in two dimensional space R 2 , with i.i.d. marks PI [14] :
where ν = 2/α, r = (8), we obtain the CCDF of γ k,i as follows:
By applying (11) into (5), the conditional CDF for the given I UI = u can be expressed as
By using the binomial expansion on (12), the CDF of instantaneous SINR for max-SINR scheduling is derived as [21] 
where f I UI (u) is probability density function of UI. [14] . Similar to (10), we can obtain L I UI (γ ) as
Substituting (14) into (13), the outage probability P out = Pr γ ins k * i < γ th can be obtained as
From (15), we can observe that the outage probability for a MU-MIMO system is determined by the sum of the intensity of the PI (ρλ) and the UI ((1 − ρ)λk ν−1 ). As opposed to PI, intensity of the UI term is multiplied by k ν−1 . In addition, the sum intensity of the interference is larger than λ, i.e., λ(ρ +(1−ρ)k ν−1 ) > λ. Since ν = α/2 > 1, the analysis allows us to deduce that the effect of UI is more dominant than that of PI on a MU-MIMO system. Moreover, the UI degrades the performance of the max-SINR scheduler in the MU-MIMO system. Without considering the UI term, i.e., (1 − ρ)λk ν−1 = 0, the outage probability tends to become smaller as the number of UE K increases [5] . This means that the max-SINR scheduler achieves MUD by choosing the UE with the highest SINR for each beam. Conversely, when the UI term is not zero, the outage probability does not approach zero, since the max-SINR scheduler cannot suppress the unpredictable interference. As a result, we can deduce from the analysis that the UI causes a beam selection mismatch and prevents the MU-MIMO system from achieving the maximum MUD gain.
By comparing this with random UE selection in a MU-MIMO system, we can see that the selection diversity gain of the max-SINR scheduler is limited by the UI. Assume that the BS does not measure any interference and is only exposed to the interference in the data transmission phase (i.e., ρ = 0). From (15) , when ρ = 0, the outage probability of the MU-MIMO with max-SINR scheduling can be represented as
In case of random UE selection, the outage probability can be obtained by applying applying K = 1 and ρ = 0 to (15), as follows:
From (16) and (17), we can observe that the outage probabilities of both schedulers do not approach zero, even though the number of active UEs increases to infinity (i.e., K → ∞). Moreover, the outage probability of the max-SINR scheduler is the same as that of a random scheduler when the number of UEs goes to infinity. It can be deduced that neither scheduling scheme can achieve multiuser diversity gain. These results demonstrate that even when the max-SINR scheduler selects the UE with best SINR per each beam, multiuser diversity gain is not guaranteed when it suffers UI, since the SINR feedback information does not match the instantaneous SINR.
IV. SIMULATION RESULTS
This section presents the numerical simulation results to investigate the effect of UI on a MU-MIMO system with a max-SINR scheduler. In simulations, we assumed that transmitters of coexisting ad-hoc system are uniformly distributed in the BS coverage region. In addition, all UEs and coexisting systems experience i.i.d Rayleigh fading with a common propagation loss α = 4 [5] . In order to study the effect of unpredictable interference, Fig. 4 shows the CDF of the instantaneous SINR of UEs for various ρ = [0, 0.2, 0.4, 0.6, 0.8, 1]. We can see that the max-SINR scheduler maximizes the SINR when ρ = 1. This is because it can optimally suppress the interference from the entire set of coexisting ad-hoc systems, since the SINR feedback information perfectly matches the instantaneous SINR. As shown in the figure, when 0 ≤ ρ < 1, the SINR improves as ρ increases. This means that the unpredictable interference worsens the SINR, since UI cannot be suppressed by the max-SINR scheduler. Fig. 4 also shows the effect of the UI on the number of beams. When Q = 10, as ρ varies from 1 to 0, the SINR degrades by approximately 0.89dB at 20% CDF. This gap increases to 2.4 dB at Q = 5. This is because the SINR degradation gap is larger when the beam mismatch has occurred by using a smaller number of beams. From FIGURE 5. Outage probability versus SNR when K = 8, 28, 48, Q = 4, P M = 10dB, P C = 5dB. The max-SINR scheduler improves its performance of MU-MIMO system by achieving selection diversity using the SINR feedback information. However, the more feedback there is from the UEs, the larger M-DT interval. Thus, too much feedback can degrade the MU-MIMO system performance.
these results, we can deduce that the SINR of a MU-MIMO system can be improved by using fewer active beams, since it has a greater chance of choosing a UE with a high SINR. However, the robustness of the MU-MIMO system against the UI worsens, since UI prevents the MU-MIMO system from achieving the maximum MUD gain.
In order to determine the value of ρ, we assume that the coexisting systems access the channel randomly, and the packet size follows an exponential distribution with a mean of 5 micro seconds [22] . We adopt the system parameters defined in the IEEE 802.11ac standard, Q = 6, T poll = 52µs, T BF = 216µs and T SIFS = 16µs [18] . 4 For the case where K = 8, 28, and 48, ρ is determined to be 0.69, 0.41 and 0.22, respectively. The portion of predictable interference monotonically decreases with the number of UEs K , since an extended M-DT interval is required for feedback from the greater number of UEs. Fig. 5 compares the outage probability for MU-MIMO using a max-SINR scheduler for various values of K = 8, 28, 48. As explained in Section II, ρ is affected by the minimum required M-DT interval which is determined by the number of UEs K . Therefore, ρ is calculated as 0.693, 0.416, 0.222 for various K = 8, 28, 48, respectively. As shown in Fig. 5 , for the case of perfect SINR measurement (i.e., ρ = 1), the outage probability decreases as K increases. This is because MU-MIMO is able to achieve MUD gain by using accurate SINR information. On the other hand, for the case of 0 < ρ < 1, we can observe that the slope of the outage probability decreases to zero rapidly even if the number of STAs increases, since the MU-MIMO system cannot obtain MUD due to the beam selection mismatch caused by the UI. In addition, we can see that an SNR crossing exists for K = 28 and K = 48. This is due to the fact that the performance degradation caused by the UI is more dominant than the performance improvement achieved through selection diversity. In order to prevent performance degradation caused by UI, the M-DT interval must be minimized. Therefore, an opportunistic feedback scheme [23] , [24] may represent a solution to help improve the outage probability by reducing the M-DT interval.
V. CONCLUSIONS
In this paper, we considered a MU-MIMO system in HetNet. Without central coordinators, the systems operating in HetNet suffer from UI due to the fact that the coexisting ad-hoc systems access the channel during the M-DT interval. Thus, in order to investigate the effect of the UI, we divide the interference from the coexisting ad-hoc systems into PI and UI. We then investigated the effect of UI on the max-SINR scheduler, which can extract MUD via outage probability analysis. We obtained the closed-form expression for the outage probability for a MU-MIMO system with a max-SINR scheduler. Analytical results showed that the UI degrades the MU-MIMO system by preventing the max-SINR scheduler from achieving MUD gain by causing a beam selection mismatch.
Possible topics for the future include extending our works to design a feedback reduction scheme. Since the minimum M-DT interval is determined by the number of feedbacks, practical systems will require a feedback reduction scheme that can maximize the system performance by considering unpredictable interference. In addition, it may also be possible to extend this work to heterogenous networks with non-orthogonal multiple access which may consist of high density small cells. These research topics will allow us to continue our identification and study of the practical issues of coexistence in the unlicensed band. 
